Background: Nerve stimulation with a low-intensity electrical current has become a vital part of the performance of peripheral nerve blockade. The purpose of this study was to compare the accuracy and characteristics of peripheral nerve stimulators used in clinical practice in the United States.
LOCALIZING peripheral nerves during the initiation of nerve blocks using stimulation with a low-intensity electrical current has become common practice in regional anesthesia. The increasing use of peripheral nerve blocks has been associated with an increased demand for and greater availability of peripheral nerve stimulators. The ability of a peripheral nerve stimulator to evoke a motor response depends on the distance of the stimulus from the nerve (i.e., the needle-to-nerve distance), as well as the intensity and duration of the current used. 1 Most authors recommend obtaining a motor response with a current less than or equal to 0.5 mA before injecting a local anesthetic. 2 Stimulation at currents higher than 0.5 mA may result in failure of the block because the needle is too far from the nerve, whereas injection after stimulation at a current lower than 0.1 mA may risk nerve damage because of the possibility of an intraneuronal injection of local anesthetic. 3 
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The purpose of this study was to evaluate the characteristics and accuracy of the current delivered by peripheral nerve stimulators in common clinical use in the United States.
Materials and Methods
Peripheral nerve stimulators made available to us through loans from manufacturers, distributors, or colleagues were bench tested in our laboratory. The characteristics of the current output, the stimulating frequency, and the ability of the unit to accurately deliver a selected current were evaluated. All stimulators were in routine clinical use and had valid inspection seals from their respective biomedical engineering departments. Immediately prior to study, all stimulators were fitted with fresh, industrial-grade batteries and set to deliver currents of 0.1, 0.2, 0.3, 0.5, 1.0, 2.0, and 4.0 mA into preselected resistance loads. Each current level was tested with increasing impedance loads of 1, 2, 5, 10, 20, 50, and 100 k⍀ (Resistance Substitution Set Model 236A; Phipps and Bird, Inc., Richmond, VA). This range of resistance loads was chosen in order to simulate both the bioimpedance of a normal patient (1 to 2 k⍀), 4 as well as the greater impedance that may be associated with dry skin, desiccated electrodes, or poor skin-electrode conductance (contact; Ͼ 2 k⍀). 5, 6 All measurements were made by an engineer who was unaware of the make and model being tested. The sequence of measurements was repeated three times, and the average of three measurements was reported for each current at each resistance level. The output of the peripheral nerve stimulator was determined using a factory-calibrated oscilloscope (Fluke DigiMeter 123; Fluke Corp., Everett, WA). The current output (I; mA) was calculated using the equation I ϭ U/R, where U is the voltage measured (Volts) and R (⍀) is the selected resistance. The output signal of each nerve stimulator was stored on a computer hard drive and analyzed using a commercially available software package (Flukeview ® SW90W Software, version 2.1; Fluke Corp., Everett, WA). The following variables were measured: signal amplitude (peak to peak maximum value of a signal output), stimulus duration, and signal morphology (variation of the signal amplitude from the expected monomorphic square wave throughout the duration of the stimulus). The rise time, the time required for the signal to increase from 0.1 Vmin (near minimal value of the signal voltage) to 0.9 Vmax (submaximal value of the signal voltage), and the decay time, the time required for the signal to decrease from 0.9 Vmax to 0.1 Vmin, were determined from the digitally stored measurements of the stimulus. The maximum voltage output was determined by setting the unit to deliver the highest current output possible and then by increasing the resistance load until the voltage output reached a plateau.
Statistical Analyses
The percent error was determined by comparing the measured currents with the preset currents that were preselected for the study. For instance, if a peripheral nerve stimulator was set to deliver a current of 1.0 mA but delivered a current of 0.7 mA, the percent error for this stimulator was Ϫ30%. The data on percent error are presented as median and range. As percent error was not normally distributed, the nonparametric equivalent of a two-way analysis of variance with repeated measures (Friedman test) was used to assess differences in ranked percent error at the preset currents. Similarly, the Wilcoxon signed-rank test was used to assess differences in rise and decay times (s) at resistances of 1 and 50 k⍀.
Statistical analyses were conducted using the Statistical Package for the Social Sciences (SPSS for Windows, version 5.0.2; SPSS Inc., Chicago, IL). P Յ 0.05 was considered to be statistically significant.
Results
Fifteen peripheral nerve stimulators were tested. All units performed within 5% error when set to deliver a current of 1.0 mA or more into an impedance load of 1 or 2 k⍀. However, at lower currents, the median error increased from 2.4% (Ϫ5-144%) at 0.5 mA to 10.4% (Ϫ24 -180%) at 0.1 mA into a 1-k⍀ load ( fig. 1 ). The actual current delivered by four nerve stimulators varied by more than 30% when set to deliver a current of 0.3 mA and by nearly 90% at a current of 0.1 mA. One nerve stimulator was unable to deliver a current of less than 0.5 mA.
For all units, the frequency and duration of the stimulus were accurate within 5% of the values specified by the manufacturer. However, eight stimulators delivered a current at 1 Hz (one stimulus per second), whereas seven stimulators used 2 Hz (two stimuli per second). Some nerve stimulators (A, D, F, G, H) also had the capability for the operator to select the stimulating frequency (1-5 Hz; table 1). The duration of the stimulating 2 ). In addition, two units (A, F) had a programmable feature that allowed the operator to choose from 100, 300, or 1,000 s as the duration of the stimulus.
The morphology of the stimulus was characterized, for the most part, by a regular monophasic square pulse at a current output of 1 mA into a load of 1 k⍀ ( fig. 3 ). However, as the resistance load increased, the morphology of the stimulus became progressively more distorted. Rise and decay times (s) were both markedly higher at 50 k⍀ than at 1 k⍀ (table 2; Wilcoxon P values Ͻ 0.001). At 50 k⍀, rise and decay times were especially high for several of the nerve stimulators (i.e., rise times for G and J, decay times for B, G, J, and M). However, the significance of the Wilcoxon signed-rank test did not change appreciably when these nerve stimulators were removed from the analyses (from P Ͻ 0.001 to P Ͻ 0.003 for difference in decay time).
The maximum voltage output varied among the units tested as a function of the load and ranged from 7.4 to 336 Volts (P Ն 0.001; fig. 4 ).
Discussion
Nerve stimulation used to localize a nerve prior to local anesthetic injection has become common practice for initiating peripheral nerve blocks. Consequently, many different models of peripheral nerve stimulators are now available for clinical use in the United States. Our study indicates that peripheral nerve stimulators perform well when tested at levels specified by their respective manufacturers (usually 1.0 mA into a load of 1 or 2 k⍀). However, at the lower intensity currents that are now used in clinical practice, 2,6 selected and delivered stimulating currents can be widely discrepant among the peripheral nerve stimulators that are in routine clinical use. In addition, units' other electrical characteristics can vary.
Accuracy
The capability of a peripheral nerve stimulator to accurately deliver a specified current is important for the success of peripheral nerve blocks and the prevention of complications. 1 The ability of a peripheral nerve stimulator to stimulate a nerve at a selected current intensity depends on the proximity of the needle to the nerve. 1 For instance, Pither et al. 1 reported that a motor response could only be elicited with a stimulating current of low intensity (0.1 mA) when the needle was in contact with the nerve, whereas a current of a much higher intensity (2.5 mA) was required to stimulate the nerve when the needle was 2.5 cm away. Thus, it would seem particularly important that nerve stimulators used for regional anesthesia be able to deliver an accurate current in the range of electrical output now recommended for peripheral nerve blocks, namely 0.1-0.5 mA. 2,6 -9 However, in our study, the accuracy of nerve stimulators, while good at the levels of current specified by the manufacturers, was lowest in the range of currents now used for peripheral nerve blocks. Our data are in agreement with findings from a smaller study conducted in Australia in which only three of six units tested were able to deliver a current of 0.3-3.0 mA with 20% accuracy. 7 In contrast to the aforementioned study, we chose to evaluate performance at lower currents (Ͻ 0.3 mA), which are more applicable to contemporary clinical practice. 8, 9 Indeed, in current practice, stimulating currents of 0.1-0.5 mA are commonly used in order to ensure that the needle is in close proximity to the nerve before injecting a local anesthetic. 2, 8, 9 A nerve stimulator that delivers less current than what the operator has selected may lead the operator to continue advancing the needle toward the nerve when, in fact, the needle is already in close proximity to the nerve. This, in turn, may result in mechanical injury or even intraneuronal injection of local anesthetic. 10 These risks may be increased further when peripheral nerve blocks are performed in heavily sedated or anesthetized patients who may not be able to perceive a severe paresthesia as a warning sign of impending neuronal injury. 10, 11 In contrast, a nerve stimulator that delivers a current higher than the selected current may result in injection of local anesthetic when the needle is remote from the nerve, thereby increasing the chance of a failed block. 1 Lastly, the reproducibility and success of nerve block techniques reported in clinical studies may vary when different makes or models of peripheral nerve stimulators are used. Although the optimum accuracy of electrical output was not determined in our study, it would seem prudent that peripheral nerve stimulators be particularly exact at the low currents used in clinical practice (Ն 0.5 mA).
Stimulus Duration
The duration of the stimulating current varied among the units studied. This is important because there are two electrophysiologic variables that may affect stimulation of a nerve with a current: the rheobase, which is the minimum current required to stimulate a nerve with a long pulse, and the chronaxie, which is the duration of the stimulus required to stimulate the nerve at twice the rheobase. 1, 12 The chronaxie of peripheral nerves may vary. For instance, the large, heavily myelinated A ␣ motor fibers depolarize more readily with a current of short duration (50 -100 s), whereas the smaller, unmyelinated C fibers preferentially depolarize with a stimulus of long duration (Յ 400 s). 1 Thus, the ability of a nerve stimulator to elicit a motor response rather than a noxious stimulus depends largely on its ability to deliver a stimulus of small intensity and short duration in order to depolarize the larger A ␣ fibers rather than the smaller C fibers. Furthermore, laboratory studies have demonstrated that stimuli of short duration are more precise in predicting the needle-nerve relationship. 13 Although there are no clinical studies, it is possible that variations in stimulus duration may affect patient comfort, as well as the success and safety of peripheral nerve blocks.
Stimulus Morphology
The stimulating current ideally should be delivered in the form of a monomorphic pulse, with a rapid increase in current output followed by a plateau of constant intensity for the duration of the stimulus and then by a rapid decay. However, the morphology of the stimulus varied among the units tested and became particularly distorted with increasing current and voltage output. The most variable aspects of the stimulus morphology were the rise and decay times, which, in some instances, accounted for 20% or more of the total duration of the stimulus. The effects on rise and decay times were particularly pronounced as the resistance load was increased, such as could occur clinically in patients with very dry skin or due to a desiccated surface electrode. 5 Although the aforementioned changes in stimulus morphology may decrease the effective energy delivered to the nerve (energy [nc] ϭ current [mA] ϫ duration [s]), 6 it is currently unclear how this could potentially affect nerve stimulation.
Frequency of Stimulus
The frequency of the stimulating current varied between 1 and 5 Hz. This may have clinical implications because there are longer pauses between stimuli at 1 as compared to 2 Hz or more. For that reason, advancement of the needle should be performed at a slower rate when using a stimulator with a 1-Hz frequency in order to avoid missing or inadvertently impaling the nerve.
Maximum Voltage Output
Most newer peripheral nerve stimulators use technology based on constant current circuitry, which senses the difference between the current set by the user and the actual current delivered by the unit. When the stimulating current sensed by the unit is lower than the selected current, the circuitry in these peripheral nerve stimulators automatically compensates for the lower current by increasing the voltage output. This scenario may arise in clinical practice when an abnormally high impedance is encountered due to excessively dry skin or to a desiccated surface electrode. 5 Under these circumstances, a voltage as high as 336 V may be delivered by some peripheral nerve stimulators in order to maintain a selected level of current. This may be painful to the patient because, despite delivering a low stimulating current, excessive voltage is applied to the nerve over a very small area by the tip of the stimulating needle. 5, 6 In addition, high-output peripheral nerve stimulators (e.g., 70 mA or 500 V) used for monitoring neuromuscular blockade have been reported to cause skin burn under certain circumstances. 14 Although a similar complication has not been reported after the use of nerve stimulators for nerve blockade, it would seem prudent to avoid applying such high current or voltage output in the vicinity of the nerves.
A potential weakness of our study is that only one unit of each model was tested. Consequently, it is possible that the performance of some units may have deteriorated with months or years of clinical use. However, at the time of the experiment, all stimulators were in clinical use and had valid inspection seals from their respective biomedical engineering departments. This suggests that the performance of these peripheral nerve stimulators was within acceptable limits when tested according to the recommendations of their respective manufacturers (usually 1.0 mA into a load of 1 or 2 k⍀). These higher current levels most likely are based on earlier studies of peripheral nerve block techniques. 15, 16 However, our findings suggest that peripheral nerve stimulators also should be tested for their accuracy at currents of 0.1-0.5 mA, which are now used in clinical practice. 2, 6, 8, 9 In conclusion, our results indicate that there is disparity in the accuracy and characteristics of the stimulating current delivered by different peripheral nerve stimulators in clinical use. Further studies are required to determine how these differences can potentially affect success rate and patient comfort and safety when peripheral nerve stimulators are used to localize nerves. In addition to routine testing of units at manufacturer-recommended levels, peripheral nerve stimulators used in regional anesthesia also should be evaluated at the lower range of currents that are more applicable to modern clinical practice.
